Objective: This study aims to examine the association between oral health and the decline in functional status among middle-aged and older adults in the United States. Method: Generalized estimation equation (GEE) Poisson regression models with robust standard errors were used to analyze the longitudinal panel data (2008)(2009)(2010)(2011)(2012)(2013)(2014) from the Health and Retirement Study (N = 1,243). Oral health was evaluated using self-rated oral health, poor mouth condition, and tooth loss. Decline in functional status was assessed by disabilities in activities of daily living (ADLs) and instrumental activities of daily living (IADLs). Results: Respondents with poor oral health were more likely to experience decline in ADLs/IADLs. Adjusting for sociodemographics and comorbidities attenuated the effects of oral health. Discussion: Findings suggest that oral health might be one of the important predictors of functioning decline in late life, after adjusting sociodemographics and comorbidities.
Introduction
The increasing life expectancy makes many older adults inevitably experience a decline in functional status at some point in their life. Therefore, it is essential to identify risk factors that may contribute to functional disabilities in late life. Over the past two decades, a growing number of studies have started to document that oral health, an integral part of individual general health and quality of life (Lee, Wu, & Plassman, 2013; Petersen & Yamamoto, 2005; Sheiham, 2005) , has a significant impact on frailty, disabilities, and mortality (Holm-Pedersen, Schultz-Larsen, Christiansen, & Avlund, 2008; Torres et al., 2015; Tsakos, Watt, Rouxel, de Oliveira, & Demakakos, 2014; Wu, Fillenbaum, Plassman, & Guo, 2016; Yu, Lai, Cheung, & Kuo, 2011) .
Due to the following major reasons, oral health is important in understanding functional status. First, increasing evidence suggests that oral health is related to systemic diseases, such as cardiovascular diseases (Lockhart et al., 2012; Oliveira, Watt, & Hamer, 2010; Syrjälä, Ylöstalo, Hartikainen, Sulkava, & Knuuttila, 2010; Tonetti & Van Dyke, 2013) , diabetes (Luo et al., 2015; Taylor & Borgnakke, 2008) , and cognitive impairment (Kaye et al., 2010; Stein, Desrosiers, Donegan, Yepes, & Kryscio, 2010; Stein, Kryscio, Desrosiers, Donegan, & Gibbs, 2010; Wu et al., 2016 ) that affect functional decline. Studies also indicate that poor oral health will lead to poor dietary intake and malnutrition (Nowjack-Raymer & Sheiham, 2003; Sheiham et al., 2001; Torres et al., 2015) as well as inflammatory responses (Desvarieux et al., 2003; Torres et al., 2015) associated with oral infections. Chronic inflammation, in turn, is associated with low physical function (Brinkley et al., 2009) . So, oral diseases and poor mouth condition may be indicators of accelerated aging, and their causal relationship with decline in functional status deserves a close scholarly attention.
However, only a handful studies have directly examined the association between oral health and physical functioning among community-dwelling older adults utilizing longitudinal data. Using a regional sample in Copenhagen, Denmark, one study (Holm-Pedersen et al., 2008) found that tooth loss is related to the follow-up onset of mobility disability among older adults. Several studies conducted in Japan revealed that tooth loss is associated with greater risk of functional disability (Aida et al., 2012; Komiyama et al., 2016) as well as decline in higher level functional capacity (Sato et al., 2016) among older Japanese adults. Using the English Longitudinal Study of Ageing, another study (Tsakos et al., 2014) showed that total tooth loss (edentulousness) is independently associated with physical decline among English older adults. It is unclear whether findings from these longitudinal studies are generalizable to the U.S. population, thus a further study is warranted.
A review of literature on oral health and functional status shows substantial diversity across studies with regard to study design as well as data and sample sources. Most previous studies cited above only used tooth loss as a predictor. This work aims to continue efforts along this line using a large longitudinal data set that contains a nationally representative sample of community-dwelling middle-aged and older adults in the United States. Moreover, we aim to examine whether oral health predicts functional decline after controlling for a wide range of covariates, including individual demographic characteristics, socioeconomic status, and comorbidities. In this study, oral health was comprehensively evaluated using three indicators: self-rated oral health, a composite score measuring problems with oral health such as teeth/ gums sensitivity and gums bleeding (defined collectively as poor mouth condition), and tooth loss (Hybels et al., 2016) .
Method

Data
We used four waves of panel data (2008) (2009) (2010) (2011) (2012) (2013) (2014) from the Health and Retirement Study (HRS; Sonnega et al., 2014) to examine the relationship between multiple indicators of oral health and decline in functional status. The HRS is a nationally representative longitudinal study of middle-aged and older adults above age 50 in 23,000 households in the United States. The study began in 1992 and subjects were interviewed every 2 years. The HRS is based on a multistage area probability sampling design involving geographical stratification and clustering. Since 2006, the HRS has started to adopt a mixedmodel design for follow-ups. In this design, half of the sample is randomly assigned to an enhanced face-to-face interview with physical and biological measures, a psychosocial questionnaire, and the core HRS interview. Another half of the sample completes only the core interview through telephone. An oral health module was included in the 2008 survey and administered to a random subsample of the HRS participants. A total of 1,414 adults completed the oral health module. Among them, approximately 1,243 respondents who completed at least one of the following three waves (2010, 2012, and 2014) were included in the analyses. Response rate ranged from 86% to 89% across four waves. Analyses were performed on all available data. Missing data were not imputed to avoid potential bias (Fitzmaurice, Laird, & Ware, 2011) .
Measures
Dependent variables. Dependent variables of this study included disabilities in activities of daily living (ADLs) and disabilities in instrumental activities of daily living (IADLs). A modified Katz ADL scale (Katz, Downs, Cash, & Grotz, 1970) was used. Respondents were asked whether they had difficulty in completing the following five tasks: bathing, eating, dressing, walking across a room, and getting in or out of bed. A sum score of ADLs was calculated separately for the four waves from 2008 to 2014. Based on the summed scores, the dependent variable, decline in ADLs was further dichotomized into a dummy variable to contrast those with increasing number of disabilities (yes = 1) to those with the same or fewer number of disabilities (no = 0) compared with the previous wave. The number of observations in the three follow-up waves (2010, 2012, and 2014 ) was 1,218, 1,109, and 993, respectively.
Another dependent variable, IADLs, was a modified Lawton IADL scale (Lawton & Brody, 1969) . It was assessed by asking respondents whether they had difficulty in using a telephone, taking medication, handling money, shopping, and preparing meals. Similar to the ADLs measure, a sum score of IADLs was calculated separately for the four waves from 2008 to 2014. And based on the summed scores, decline in IADLs was dichotomized to contrast those with increasing number of IADL disabilities (yes = 1) to those with the same or fewer number of IADL disabilities (no = 0) compared with the previous wave.
Focal independent variables. Three variables in the oral health module at the baseline were used to evaluate respondents' oral health conditions (Hybels et al., 2016 ). The first variable was self-rated oral health where the respondents were asked to describe the overall condition of their mouth and teeth using categories of poor, fair, good, or very good. Responses (range = 1-4) were coded such that higher score reflects better self-rated oral health. The second variable was the overall mouth condition, a composite score determined by averaging responses (1 = never, 2 = hardly ever, 3 = occasionally, 4 = very often, and 5 = often) to three questions: (a) how often they had avoided particular foods because of problems with their teeth, mouth, or dentures; (b) how often their teeth or gums had felt sensitive to hot, cold, or sweets; and (c) how often their gums had bled when they brushed their teeth. The third variable was tooth loss which was measured by three filter questions. Respondents were first asked whether they had lost more than two natural permanent teeth (respondents who answered no were coded as dentate). Respondents who answered yes to losing more than two permanent teeth were then asked whether they had lost all teeth from their upper jaw and lower jaw. Respondents who had lost all teeth in both the upper and lower jaw were coded as edentulous and the rest were coded as losing more than two teeth but not full mouth of teeth.
Covariates. All covariates were measured at the baseline wave in 2008 as we aimed to use baseline characteristics to predict decline in ADLs and IADLs at later waves. The first set of covariates included demographic variables age (50-64, 65-74, 75-84, and ≥85) , gender (male = 1, female = 0), race/ethnicity (White, Hispanic, and Black, with White being the reference group) and marital status (married or partnered = 1, alone = 0). The second set of covariates were indicators of socioeconomic status, including educational attainment (<high school, high school or general education, 1-3 years of college, and 4-year college or more) and household income (US$0-25,000, US$25,000-50,000, US$50,000-75,000, US$75,000-150,000, and >US$150,000). Finally, an index of comorbidities (as having chronic health conditions such as high blood pressure, diabetes, cancer, chronic lung disease, heart disease, stroke, emotional/nervous/psychiatric problems, and arthritis) that are likely to be associated with both oral health and functional status (Bailey et al., 2004; Ní Chróinín et al., 2016) . The waves (2010, 2012, and 2014) were also adjusted in the analysis to examine the changing trend.
Analysis. Descriptive statistics (frequency, percentage, mean, standard deviation, etc.) of all variables were reported for the overall sample and for the subsamples by decline in ADLs or IADLs. Generalized estimation equation (GEE) Poisson regression models (Liang & Zeger, 1986; McNutt, Wu, Xue, & Hafner, 2003; Zeger, Liang, & Albert, 1988; Zhang & Yu, 1998; Zou, 2004) with robust standard errors were used to estimate the relative risks (RRs) associated with decline in ADLs/IADLs. We reported the RRs and 95% confidence intervals (CIs) obtained from the model estimated robust standard errors. Exchangeable correlation structure was used to account for subject level repeated measures. The Level 1 variable was participants and Level 2 was the repeated measures nested under each participant. We first calculated crude RR using the bivariate GEE model for each dependent variable and results are summarized in Table 2 . Following this, we computed adjusted RRs by including the focal independent variable (self-rated oral health, mouth condition, or tooth loss) and covariates in the sequential models (Models 1-3). For example, for tooth loss as the independent variable, Model 1 added the index of comorbidities. Model 2 replaced comorbidities with sociodemographic variables. And Model 3 incorporated all the covariates. Three oral health variables were examined independently and results are summarized in Tables 3 to 5. All statistical analyses were performed using statistical software R Version 3.2.3.
Results
Descriptive statistics that summarize the characteristics of the overall sample as well as the subsamples by decline in ADLs and IADLs are shown in Table 1 . At baseline, more than 28% of the respondents reported their overall oral health being fair or poor. Approximately 15% of the respondents reported that they had poor mouth condition occasionally, often, or very often. When numbers of teeth were examined, around 15.5% of the respondents were edentulous (i.e., lost all their teeth). A majority of sampled respondents were female (59.8%), unmarried (66.4%), and White (78.6%). Almost 54% of the respondents had at least college level of education and over a quarter of the respondents had household income more than 75,000. The average age of the sample was 69 with a standard deviation of 10. Respondents reported having an average of two chronic conditions with a standard deviation of 1.5.
Bivariate results from the GEE models are displayed in Table 2 . The bivariate models (the crude models) in Table 2 show that oral health were associated with decline in ADLs; those who reported worse overall oral health, poorer mouth condition, or missing more than two teeth, and those edentulous had significantly higher risks of decline in ADLs in the following years. The bivariate models also show that those having decline in ADLs were more likely to be older, Blacks (compared with Whites), and unmarried, and to have lower levels of education and income and higher levels of comorbidities. No difference by gender was found. Similar patterns were identified for IADLs.
As presented in Table 3 , effects of self-rated oral health on decline in ADLs remained significant and substantial regardless of inclusion of either comorbidities or sociodemographics or both in Models 1 to 3. For instance, adjusting for comorbidities in Model 1, those who reported poor or fair oral health showed higher risks of decline in ADLs (RR = 1.86, 95% CI = [1.35, 2.58] and RR = 1.43, 95% CI = [1.08, 1.89], respectively) compared with those who reported very good oral health. When all covariates were adjusted in the final model (Model 3), those who reported poor oral health still showed higher risks of decline in ADLs (RR = 1.58, 95% CI = [1.13, 2.21]) compared with those reporting very good oral health. When IADLs was examined, similar results were found with one exception. When all covariates were adjusted in the final model, the effects of self-rated oral health were no longer statistically significant.
Similarly, when mouth condition was examined (Table 4) , its effects on decline in ADLs remained significant and substantial regardless of inclusion of either comorbidities or sociodemographics or both in Models 1 to 3. Adjusting for comorbidities in Model 1, those who reported having poor mouth condition very often/often showed higher risks of decline in ADLs (RR = 1.82, 95% CI = [1.24, 2.68]) compared with those who reported never having poor mouth condition. In the final model (Model 3), the effects of mouth condition remained significant and substantial. However, when IADLs was examined, mouth condition lost its significance in the final fully adjusted model. Note. Mouth condition is a composite score measuring problems with oral health such as teeth/gums sensitivity and gums bleeding. IQR = interquartile range; ADL = activities of daily living; IADLs = instrumental activities of daily living. GED = General Educational Development; HS = high school. Results in Table 5 show that those who had lost all their teeth or had lost more than two teeth reported significantly higher risks of ADLs decline compared with those who had fewer than two teeth lost (RR = 1.82, 95% CI = [1.33, 2.51] and RR = 1.49, 95% CI = [1.14, 1.95]) while adjusting for comorbidities. When controlling for sociodemographics, the effects of tooth loss remained significant for ADLs but lost significance for IADLs. The effects of tooth loss diminished when all covariates were simultaneously added in the final model for both ADLs and IADLs.
Discussion
Using four waves of data across 8 years from the HRS, we examined the effect of oral health at the baseline on the decline in functional status at later waves. Results show that poor oral health indicated by worse self-rated oral health, worse mouth condition, and tooth loss was significantly associated Note. GEE = Generalized estimation equation; ADL = activities of daily living; IADL = instrumental activities of daily living; RR = relative risks; CI = confidence interval; GED = General Educational Development; HS = high school.
a Denotes the reference group; relative risks and 95% CIs are provided.
*p < .05. **p < .01. ***p < .001. with higher risks of decline in ADLs and IADLs. These associations were strong and substantial as they persisted with an adjustment of either sociodemographics or comorbidities or both. However, with all covariates being included in the final adjusted model, effects of some oral health variables attenuated substantially, suggesting that variables such as income and comorbidities might be important confounding factors linking both oral health and decline in functional status. To date, very few studies have been conducted to assess the relationship between oral health and decline in functional status. Our study indicates that poor oral health may be a predictor of onset of physical disabilities. Identifying this association is significant because of the following reasons. First, this study focuses on community-dwelling middle-aged and older adults rather than institutionalized elderly (Shimazaki et al., 2001) or elderly with specific chronic conditions such as diabetes mellitus (Huang, Chan, & Young, 2013) . This makes our findings more generalizable to the general population of older adults in the United States. Second, in this study, oral health was evaluated using multiple measures and at least two of these measures were found to have independent effects on decline in functional status, ADLs in particular, despite controlling for both sociodemographics and comorbidities in the fully adjusted models. As a result, our findings are in a general agreement with evidence from longitudinal studies conducted in England (Tsakos et al., 2014) , Denmark (Holm-Pedersen et al., 2008) , and Japan (Aida et al., 2012; Komiyama et al., 2016; Sato et al., 2016) , three of which, however, used regional samples.
Our findings also suggest several important confounders that might link to both poor oral health and functional status. As speculated in the previous studies (Komiyama et al., 2016; Sato et al., 2016) , poor oral health would affect dietary intake because of the decline in chewing ability (Ikebe et al., 2011; Nowjack-Raymer & Sheiham, 2003; Sheiham et al., 2001 ) that indirectly affects muscle strength and physical function. Most importantly, poor oral health may also reflect accumulated effects of infection, which is associated with many chronic conditions, including, but are not limited to, cardiovascular disease (Demmer & Desvarieux, 2006; Genco, Offenbacher, & Beck, 2002; Kholy, Genco, & Van Dyke, 2015) , diabetes, and cognitive impairment, which in turn, would negatively affect functional status. Compared with the bivariate results in Table 2 , Model 1 of Tables 3 to 5 shows that the effects of oral health variables attenuated after the index of comorbidities was included in the model. This finding, to some extent, suggests that the association between oral health and decline in ADLs/IADLs is likely to be confounded by comorbidities.
In addition, some important sociodemographic variables, such as age and income, are also likely to be major confounders for the associations. Including them in the adjusted models, RRs attenuated considerably for the oral health indicators. Our study highlights the importance of socioeconomic status, primarily income levels, in linking both oral health and physical functioning. Adults with higher levels of income may have more alternative food options to compensate for malnutrition due to chewing difficulties. They can also afford costly treatment procedures such as root canal or tooth implant to maintain chewing ability. By contrast, low socioeconomic status and lack of dental insurance, for instance, are often major barriers that may delay or constrain dental care for socially disadvantaged groups (Nasseh & Vujicic, 2014) .
This study has several limitations. First, measures of oral health are based on self-reports rather than clinical oral examinations. This may introduce response biases by social desirability; however, self-reported number of teeth is a well-established and reliable measure (Pitiphat, Garcia, Douglass, & Joshipura, 2002) . Future studies should apply more refined clinical oral health measures such as tooth number and periodontal diseases to further evaluate the robustness of the focal associations. In addition, due to the limitation of data, only sociodemographics and comorbidity are included in our study as the major confounders. With more variables on diet/nutrition and inflammation to be incorporated in the surveys, future studies can better evaluate the robustness of the association between oral health and functional status. Third, the follow-up period of this study was relatively short. More study waves across longer period of time may allow chronic conditions and physical disabilities to unfold, resulting stronger associations between oral health measures and physical functioning.
Despite these limitations, this study benefits from a longitudinal study design on a large national sample of middle-aged and older adults in the United States, as well as an inclusion of multiple measures of oral health status and some key covariates. Our results show that oral health indicated by poor self-rated oral health, poor mouth condition, and toss loss is significantly associated with decline in functional status in the follow-up years, and comorbidities and economic conditions are the important confounders linking the two. These findings suggest that poor oral health may be considered as an antecedent of other chronic conditions as well as an important early indicator of decline in physical functioning. If this is the case, efforts should be made to raise awareness of oral health and oral health knowledge among older adults, families, and health care providers. In addition, dental care should be integrated with medical care so that preventive care and early interventions can be implemented within the clinical settings. Policy makers should also work to increase the dental insurance coverage so that children and adults are able to engage in regular dental checkups to maintain oral health and to delay the onset of oral diseases in late life. Taken together, our study suggests that promoting oral health should be considered as an integrate part of prevention strategies that reduce the incidence of disabilities and health care cost in late life.
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